A culture of BALB/c 3T3 cells grown in the presence of 40 PM of the ceramide analog compound RV538 (2-decanoylamino-3-morpholino-I-phenylpropanol)
for several passages caused a substantial decrease in the level of all glycosphingolipids and an accumulation of ceramide and sphingomyelin. Associated with these chemical changes of sphingolipid composition and metabolism, the following phenotypic changes were observed: (i) loss of the cobblestone appearance at cell density saturation and development of fibroblastic appearance with partial overlapping of cells; (ii) reduction of cell growth rate; (iii) enhanced production of lactic acid; (iv) enhanced rate of glucose transport; and (v) higher incidence of large colony formation with infiltrating appearance in soft agar. Cell morphology changes, lactate pruduction, and enhanced sugar uptake were reversed by co-culturing cells with gangliosides, particularly trisialogangliosides. Thus. these phenotypic changes mimicking those of oncogenically transformed cells are closely related to the blocked synthesis of glycolipids in these cells, whereas other changes may be caused by an accumulation of ceramide and sphingomyelin. 8.9 * 0.1 13.5 * 0.5 11.0 + 0.1 4.8 + 0.1 a Cells were cultured for 10 passages in DME containing 10% FCS and 40pM RV538, and subcultured in new medium in the presence or absence of 40 pM RV538 and/or 50 pg CT per ml. After confluency (6 h), the medium was collected and deproteinated with 8% perchloric acid, and lactic acid content was determined by spectrophotometry.
Pyruvic acid was essentially absent in the medium (values in parentheses) ' Cells cultured as described above were plated in 35 mm dishes and continuously cultured in the presence or absence of RV538 and/or CT. Adherent cells were incubated for 10 min in DME without glucose or FCS, but containing ['Hldeoxyglucose (2 pCi/pg deoxyglucose per ml). After washing with DME without glucose or FCS, cells were solubilized in 0. (fig.3) ; and (iv) accumulation of anomalous perinuclear granules (stained intensely by Oil Red 0), which became obvious after 4-5 passages in the presence of RV538. Control cells grown in a medium without RV538 did not display these phenotypic changes, and phenotypes of altered cells reverted to normal when RV538 was removed from the culture medium.
Although glycolipid alteration associated with differentiation, development, and oncogenesis has been well established [l] , a major question remains as to whether the alteration is the cause or the result of phenotypic changes. To answer this question, glycolipids were added to the culture media in various studies [9-121. Another useful approach is the inhibition of glycolipid synthesis by competitive substrate inhibitors and observation of any changes in cell phenotype; however, this approach has not been well developed. Vunnam and Radin [2] synthesized analogs of ceramides that inhibit the activity of UDP-Glc : ceramide glucosyltransferase, the enzyme that initiates synthesis of essentially all glycosphingolipids except galactosylceramide and derived analogs. The present study shows that in 3T3 cells cultured in the presence of one such analog, RV538 ( fig.l) , production of all glycolipids (including GlcCer, LacCer, GM3, GM2, GMI, and GD1,) is greatly reduced. Treated cells, however, accumulate several-fold more sphingomyelin and ceramide than do untreated cells. Thus, the synthetic pathway of sphingolipids in treated cells is diverted from the glycosphingolipid to the sphingomyelin pathway.
3.3.
Reversible effect of ganglioside on R V538-treated cells When 3T3 cells were co-cultured in the presence of RV538 and trisialoganglioside (GT), cell morphology returned to the cobblestone appearance ( fig.3) , concentration of lactic acid decreased significantly with increasing GT ganglioside concentration ( fig.4) , and glucose uptake was reduced (see table 1 ). GT (pg/ml) Fig.4 . Inhibitory effect of GT on RV538-induced lactic acid production.
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3T3 cells were cultured in the presence (0) or absence (0) of 40gM RV538 with various amounts of GT, as indicated on the abscissa. After confluency, the medium was changed to one with or without RV538 and/or GT, collected 6 h later, and used for determination of lactic acid.
Associated with such dramatic changes in sphingolipid synthesis induced by RV538, various phenotypic changes (e.g., reduced growth rate, morphological changes, enhanced glucose transport, enhanced lactic acid production, changes in soft agar growth behavior, and appearance of perinuclear lipophilic granules) have been observed. However, it is not clear from the present study which changes are caused by reduction of glycolipid synthesis and which are related to accumulation of ceramide and sphingomyelin.
Accumulation of perinuclear lipophilic granules may coincide with accumulation of sphingomyelin and ceramide. Interestingly, Lipsky and Pagan0 [13] observed accumulation of a fluorescent ceramide analog (N-[7-(4-nitrobenzo-2-oxa-1,3-diazole)]aminocaproyl-sphingosine in mitochondrial membranes added exogenously to fibroblasts. It is possible that enhanced lactic acid production could reflect impaired oxidative phosphorylation in mitochondria due to accumulation of ceramide in the mitochondrial membrane. Further study is necessary to clarify the possible role of ceramide and sphingomyelin in mitochondrial function. Reduction of cell growth may result from low efficiency of ATP production caused by impaired mitochondrial function. On the other hand, loss of the cobblestone appearance and other morphological changes may be related to reduction of glycolipid synthesis, although a definite functional correlation remains to be established.
Interestingly, co-culturing of cells with various gangliosides, particularly GT, was observed to reverse the phenotypic changes caused by RV538, e.g., it caused reduction in lactic acid production and sugar transport, and reversion of morphological changes. These observations suggest that these phenotypic changes are partially related to the reduction of ganglioside levels, and that approaches involving the modification of sphingolipid metabolism by ceramide analog may offer a useful tool for studies of sphingolipid function in general.
